Abstract-We investigated the magnetic-field behavior of the off-diagonal impedance in Co-based amorphous wires under sinusoidal (50 MHz) and pulsed (5 ns rise time) current excitations. For comparison, we measured the field characteristics of the diagonal impedance as well. In general, when an alternating current is applied to a magnetic wire, the voltage signal is generated not only across the wire but also in a pickup coil wound on it. These voltages are related to the diagonal and off-diagonal impedances, respectively. We demonstrate that these impedances have a different behavior as functions of axial magnetic field: the diagonal impedance is symmetrical, whereas the off-diagonal one is antisymmetrical with a near-linear portion within a certain field interval. For the off-diagonal response, the dc bias current is necessary to eliminate circular domains. In the case of the sinusoidal excitation without a dc bias current, the off-diagonal response is very small and irregular. In contrast, the pulsed excitation, combining both high-and low-frequency harmonics, produces the off-diagonal voltage response without additional biasing. This behavior is ideal for a practical sensor circuit design. We discuss the principles of operation of a linear magnetic sensor based on a complementary metal-oxide-semiconductor transistor circuit.
I. INTRODUCTION
M AGNETOIMPEDANCE (MI) is an expanding area of current research because of its importance for micromagnetic sensor applications (see selected reviews [1] - [6] and references therein). Recently developed MI sensor technology uses CoFeSiB amorphous wires as MI-element incorporated into complementary metal-oxide-semiconductor (CMOS) integrated circuit (IC) multivibrator pulse current circuit. Typical parameters of sensor operation with 1-mm-long MI head are: a field resolution of 10 Oe (0.1 nT) for the full scale of 1 Oe (0.1 mT), a response speed of 1 MHz, and a power consumption of about 10 mW. The sensor sensitivity is at least an order of magnitude higher than that for giant magnetoresistive (GMR) sensors. These advanced characteristics are associated with a large change in the range of 100% in high-frequency impedance of Co-based amorphous wires subjected to a moderate magnetic field (1) (2) (3) (4) (5) . Sensor operation needs high sensitivity combined with linearity. On the other hand, the impedance versus field behavior in amorphous wires is essentially nonlinear, especially near zero-field point. Customarily, applying a dc bias field or utilizing an asymmetric MI effect [7] - [10] achieves linearity. On the other hand, off-diagonal impedance may have almost linear region near zero-field point [11] , [12] and hence can be used for linear sensing, as demonstrated in our present work. Generally, impedance in a wire is understood as a ratio of voltage measured across it to a passing ac current , as shown in Fig. 1(a) . In wires with a circumferential anisotropy this quantity is very sensitive to a dc axial magnetic field , as a result of the skin effect and ac transverse magnetization. In the megahertz range, the real and imaginary parts of the function are symmetrical having two identical peaks at , where is the characteristic anisotropy field. For a helical static magnetization, the ac current induces also a voltage in the coil wound on the wire [see Fig. 1(a) ], since the current flow gives rise to ac axial magnetization. The ratio may be referred to as "the off-diagonal impedance." In contrast, if the wire is placed in an ac longitudinal magnetic field induced by the ac coil current ( is the number of coil turns per unit length), the circulatory ac magnetization contributes to [see Fig. 1(b) ]. The ratio also may be called the off-diagonal impedance. The crossed magnetization processes, which are responsible for the voltages and , are known as the inverse Wiedemann and Matteucci effects [13] . In single-domain wires with a circumferential anisotropy, the real and imaginary parts of the functions and are antisymmetrical with a near-linear region around zero field point [11] , [12] . These field characteristics can be used in linear sensing. A practical design of such a sensor is reported in [14] , 0018-9464/04$20.00 © 2004 IEEE where the wire element is exited by a pulse current of CMOS IC multivibrator and the output signal is measured in a pickup coil wound on the wire. Therefore, the sensor operation is based on the off-diagonal impedance . This has not been made clear in [14] , and no analysis of the related impedance components as functions of the sensed field has been carried out.
In our present work, we investigate the field behavior of the off-diagonal impedance in CoFeSiB glass-coated amorphous wires (see [15] for microwire technology) by means of two types of measurements. The wire is excited with a sinusoidal current using an HP 8753e Vector Network Analyzer, and with a pulse current using CMOS multivibrator circuit. We demonstrate that for a multidomain state in a wire, the off-diagonal impedance is almost zero for any value of . Biasing the ac current with a dc one, which saturates the outer shell of the wire in the circular direction, is essential to get the off-diagonal properties in the case of the circumferential anisotropy. In contrast, for the pulse current excitation, which contains both lowand high-frequency harmonics, the off-diagonal impedance is large without applying any additional dc bias. The discussion is made using the concept of the surface impedance tensor and generalized Ohm's law. A practical sensor design is analyzed as well.
II. VOLTAGE RESPONSE AND IMPEDANCE TENSOR
The SI system of units will be used in the equations throughout the paper. An ac current flowing in a wire with a helical magnetization induces voltages across the wire and in the pickup coil wound on the wire, as shown in Fig. 1(a) . The voltage appears as a result of the change in the ac axial magnetization caused by the ac circular magnetic field produced by the current (at the wire surface , where is the wire radius). A helical type of the equilibrium magnetization is needed to make possible such cross-magnetization process . Furthermore, if the wire is placed in a variable longitudinal field induced by the ac current in an excitation coil, the voltage across the wire will be generated due to a similar cross-magnetization process [see Fig. 1(b) ]. In general, the voltage response in a magnetic wire is related to the current vector via the surface impedance tensor [11] , [12] . This is convenient since the tensor represents the relationship between the tangential electric field (which determines the voltage) and the tangential magnetic field (which determines the current) on the wire surface. The following equations hold [11] , [12] :
Here, is the wire length, is the wire radius, and are the numbers of coil turns per unit length in the excitation (primary) and pickup (secondary) coils, respectively, is the total length of the coil turns in the pickup coil when it is wound directly on the wire, and are the longitudinal and circumferential electrical fields on the wire surface, respectively. Equations (1) and (2) can be understood as generalized Ohm's law introducing the impedance tensor , which relates the voltage vector to the current vector
In the terms of the previous designations, the tensor components are , and . The second diagonal component relates the ac current in the excitation (primary) coil with the induced voltage in the pickup (secondary) coil. This impedance component ("coil-to-coil") is not considered in our present work; however, some experimental and theoretical results can be found in [11] and [12] .
In a wire with a dc uniform equilibrium magnetization in the surface shell inclined toward the wire axis by angle , the surface impedance tensor has a simple form in the high-frequency limit and considering linear ac magnetization, which are of interest here. Taking the result of [11] for the high-frequency approximation for and comparing (1)- (3), the impedance tensor can be written as (in SI units) (4) Here, is the dc wire resistance, is the wire resistivity, is the nonmagnetic skin depth, is the vacuum permeability, and is the ac effective circular permeability with respect to the equilibrium magnetization . Observing (4), the important conclusion can be made. The impedance tensor components have a different symmetry with respect to the dc magnetization. The diagonal components and do not change when the direction of the equilibrium dc magnetization is reversed. To the contrary, the off-diagonal components and have the same functional dependence on the angle and change the sign together with . Therefore, the off-diagonal impedances are antisymmetrical with respect to . In fact, the permeability parameter may also depend on the magnetization angle but this does not alter the conclusion made.
In a wire with a circumferential anisotropy, the axial magnetic field is a hard axis field that will produce a linear magnetization curve in the range of , where is the anisotropy field. Therefore, we can expect a linear field behavior of the off-diagonal impedances in this field interval for such magnetic configuration. Some deviation from linearity may be due to the field dependence of the permeability parameter . If the wire has a circular domain structure, the off-diagonal components averaged over domains are zeroed because of the factor " " that has opposite signs in the domains with the opposite circular magnetization. It implies that a dc bias current will be needed to eliminate circular domain structure. A typical field behavior of the off-diagonal impedance is demonstrated in Fig. 2 , where the result of calculations for a single domain wire with a circumferential anisotropy is given [11] . 
III. IMPEDANCE INVESTIGATION
In this section, we consider the impedance characteristics under sinusoidal current excitation. Glass-coated Co Fe Si B amorphous wires produced by Taylor-Ulitovskiy method [15] (kindly provided by MFTI Ltd., Republic of Moldova) have been used as an MI element in all the experiments. The wire has a metallic amorphous core of 29.6 m in diameter coated by glass with thickness of 2.3 m, as sketched in Fig. 3 . The equilibrium magnetization is mainly determined by the negative magnetostriction coupled with the large axial stress induced by the glass coating that results in a circumferential anisotropy and a circular domain structure. This structure is confirmed by dc longitudinal magnetization measurements, which show almost a nonhysteretic linear curve, as seen in Fig. 4 . The anisotropy field is estimated to be about 1.4 Oe. Fig. 5(b) ], which has 25 turns and a diameter of 120 m. In general, a dc bias current can be applied to the wire. Blocking capacitor (C) prevents the dc bias current from entering the Analyzer. Terminal resistors are required for normalizing input/output impedance of the measured elements. The -parameter (forward transmission) is measured as a function of a sensed magnetic field applied in the wire axial direction. The impedance components and ( has the same functional dependence on and as for ) are determined by measuring the output signal from the wire or from the pickup coil , respectively. In both cases, the ac current is applied to the wire. The -parameter is defined as dimensionless quantity . Then, putting in (3), both and are calculated as the ratio . Fig. 6 shows the experimental plots of longitudinal impedance versus applied magnetic field at a frequency of 50 MHz. As it could be expected from (4), both the real and imaginary parts are symmetrical with respect to , exhibiting two maximums at the field nearly equal to the anisotropy field . Fig. 7 shows the off-diagonal impedance measured at the same frequency for different dc bias currents . If no dc bias current is used, the response signal is very small and irregular. It increases substantially when a small dc current mA is applied. Typically, the coercivity in amorphous wires is about a fraction of an oersted and applying a small current of few milliamperes eliminates circular domains. Therefore, in the case of a circumferential anisotropy and a circular domain structure, the presence of is the necessary condition for the existence of the off-diagonal components of the impedance tensor. The 
IV. CMOS SENSOR-PULSE EXCITATION OF MI WIRES
In this section, we consider a pulse excitation of the wire samples using CMOS transistor circuits, shown in Fig. 8 . This corresponds to a practical MI sensor circuit design [14] . The circuit operates as follows. Square-wave generator (Q1, Q2) produces rectangular signals as shown in Fig. 9 , bottom signal. Differential circuit (C3, R3) transfers the square-wave signal into the positive pulses, which are applied to the wire (Fig. 9, top signal) . Analyzing the MI characteristics obtained under a sinusoidal excitation the optimal frequency of 50 MHz has been identified, for which the maximal sensitivity (and the best linearity in the case of the off-diagonal impedance) has been achieved. In the case of a pulsed excitation, such parameters as a rise time and a fall time determine the frequency of the principle harmonic. The time parameter of 5 ns corresponds to the optimal frequency of 50 MHz. The rise and fall times of the pulse signal are determined by the construction of HEX Inverters. The 74HCT04 inverter possesses the needed characteristics. Furthermore, this microchip has a minimal distortion and high temperature stability. To demonstrate the principles of the MI sensor operation, the output pulse voltages are obtained for different sensed field . The voltage signal taken across the wire [using cell of Fig. 5(a) ] corresponds to the diagonal impedance . Fig. 10 shows the diagonal voltage response before the rectifier (SW1, R4, C4) for and Oe. The amplitude of the main pulse is increased almost twice in the presence of the field. If the field is applied in the reversed direction, the pulse amplitude and sign do not change. This is in line with the result obtained for a sinusoidal excitation: the real and imaginary parts of the diagonal impedance are symmetrical with respect to the axial sensed field. In the case of the output taken from the pickup coil (off-diagonal response ), the signal is very small if no axial magnetic field is applied. In the presence of , the voltage pulse increases. When is reversed, the direction of the pulse is reversed as well. This behavior is demonstrated in Fig. 11 , where the top signal is the excitation pulse on the wire and the other signals are the output voltages taken from the pickup coil before the rectifier (SW1, R4, C4) for different . Therefore, in the case of a pulse excitation, the off-diagonal voltage response shows antisymmetrical field characteristics, similar to that for the off-diagonal impedance. Note that the pulse excitation does not require the use of the dc bias current to make the off-diagonal voltage be induced since such excitation already involves low-frequency harmonics.
The rest of the circuit is needed to obtain a rectified output depending on the field . Digital switch (SW1) filters away a background noise signal along with an unwanted pulse voltage portion. Its output impedance is loaded by 50 . The integrating element (R4, C4) produces a smooth quasi-dc signal in proportion to the pulse amplitude (with sign). The parameters are chosen such that the integrating time is much larger than the pulse train period. The circuit does not contain a detector (diode) because we would like to measure the signal amplitude along with its sign. Fig. 12 shows the integrated diagonal and off-diagonal responses after the rectification and amplification as a function of . In the case of the diagonal response [ Fig. 12(a) ], the field characteristics are symmetrical showing 
two maximums at
Oe. This behavior is very similar to that shown in Fig. 6 for the diagonal impedance. The off-diagonal voltage output as a function of , shown in Fig. 12(b) , has almost linear portion in the field range Oe. This is similar to the off-diagonal impedance versus , shown in Fig. 7 . Therefore, we can conclude that the off-diagonal voltage response in amorphous wires with a circumferential anisotropy obtained under pulsed excitation can be linear with respect to the sensed axial field without using any bias fields or currents. In fact, the pulse current applied to the wire itself does two jobs: it causes a high-frequency magnetization that is responsible for the voltage-field dependence, and it also partially eliminates circular domains making the off-diagonal response possible.
V. CONCLUSION
The principles of operation of a linear magnetic sensor circuit based on MI in glass-coated Co-based amorphous wires have been revealed by considering sinusoidal and pulsed current excitations. In the first case, the voltage response detected across the wire and in the coil wound on it directly proportional to the complex impedance (diagonal or off-diagonal, respectively). It was shown that the off-diagonal response is realized under the application of a dc bias current. The diagonal and off-diagonal impedances have different field behavior: the diagonal impedance is symmetrical, whereas the off-diagonal one is antisymmetrical within respect to the axial sensed field. The latter property is very important for linear magnetic sensing. A practical CMOS transistor circuit producing pulsed current excitation of the wire is analyzed. In this case, the pulse current contains both lowand high-frequency harmonics and can induce the off-diagonal response without additional dc bias current. This configuration is especially advantageous to realize sensitive linear sensing. From 1987 to 2004, he was with Nagoya University, Nagoya, Japan, as a Professor of Electrical Engineering, researching the magnetoimpedance effect in amorphous wires and thin films and developing highly sensitive micromagnetic sensors utilizing the pulse magnetoimpedance of amorphous wire sensor head in CMOS electronic circuits, which has been in commercial use as the electronic compass for mobile phone walker navigation system since 2004. He has been a Professor Emeritus of Nagoya University and with the Japan Science and Technology Agency ( Yoshinobu Honkura received the Dr. Eng. degree from Nagoya University, Nagoya, Japan, in 1991.
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